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ABSTRACT

Aninhcrent reliability problem associated with surface mount applications is that solder joints, which serve as both an
electrical and a mechanical connection between part and board, are subjected to thermal fatigue failure. Solder joint
failure involves a complex interplay of crecp and fatigue processes. Over the years, many analytical and experimental
rescarch studies have aimed to improve the state-of-the-arl assessment of solder joint integrity from a physics-of-failure
perspective. Although considerable progress has been made, there siill exist many inconsistent and even contradiclory
correlations and conclusions.

Before discussing some of the prominent inconsistencics found in the literawre, this paper reviews the fundamental
physics underlying the nature of solder failure.  Many inconsistencies stem from a misunderstanding of the unique
properties of near-eutectic tin-lead solder, properties such as age- and cycle-sofiening, grain-growth hardening, strain-rate
hardening and "supemplasticity”.  Using the complex constitutive properties of solder, fundamental mechanical and
thermomechanical processes can be modeled to demonstrate some of the inconsistencies in the literature. Many analytical
inconsistencies are traced to differing interpretations of the effects of temperature and cycle frequency and to results
obtained from using different cycle-life prediction agorithms. inconsistencies in testing arc ofien found when considering
mechanical versus thermal cycling failure dcfi nitions, the determination of test acceleration factors, inspection techniques

and objectives, and the treatment of failure statistics.

INTRODUC"I'"10N

The function of solder joints in surface mount (SM)
electronics applications is to provide both electric-al and
mechanical  continuity between the electronic
component (the “part”) and the printed wiring board
(PWB - the “board”). Differential expansion induced
creep-fatigue resulting from temperature cycling is an
imporiant cause of solder joint failure. The
deterioration of solder joint integrity typic-aly involves a
sequential development of local stressing, micro-
cracking, crack initiation, and crack propagation,
ultimately reading in electric-al open-circuiti ng by total
joint Separation from the PWB foot print.

The service life of a solder joint depends upon many
factors, including solder alloy characieristics, the design
and material selection Oof pm-hard assemblics, the
fabrication process, and the test and service
cavironments. The assessment of solder joint serviee
life is a complex prows, depending, upon the
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application, the approach to managing solder joint
integrity candiffer considerably.  According to
published surveys [1-1 0], most current approaches rely
on failure physics principles for understanding solder
joint failure mechanisms and the mans to ensure solder
joint reliability, the four essential elements of which arc:
packaging design issues, solder alloy mechanical and
metallurgical properties, service life prediction
methodology, and testing/inspection strategics.

The state-of-the-arl of assessing solder joint reliability
has not kept pace with the rapid advance of electronics
packaging technology. An underlying cause is alack of
a comprchensive understanding of the fundamental
reliability physics issues, Because of this, current
practice to ensure solder integrity still relics heavily on
design assemblies and fabrication processes that have
been validated previously,.  Most large electronic
packaging manufacturers establish their own design and
fabrication procedures based typically on extensive
empirical data, Interpolations of these data usually
provide aceeptable solder integrity assurance. Such



approaches typically penalize the application of new
materials and innovative designs, where extensive test
data arc not yet available. For these new concepts, the
assurance of solder integrity is beyond validated limits
anti must rely on extrapolations using reliability physics
principles.

It is the purpose of this paper to point out and to explain
some of the major inconsistencies in the solder joint
reliability literature. These inconsistencies, most often
attributable to a failure to specify or to take into account
the proper mechanical and metallurgical states of solder,
arc responsible for the different conclusions that have
been reached concerning solder joint inspection, quality
and workmanship, life prediction, and test philosophy
issues. in addition to the fact that analytical predictions
of solder joint service life exhibit very large
uncertainties, contradictory conclusions arc often found
when considering the efiects of two important
environmental parameters: temperature and cycle
frequency.

SOLDER RELIABILITY PHYSICS
OVERVIEW

It will be useful to review the fundamental physics
underlying solder failure and to identify the controlling
parameters that contribute to the observed
inconsistencics and discrepancies. The first and most
fundamental parameter is the unique mechanical and
metallurgical properties of solder alloys. Because ncar-
cutectic tin-lead solder alloy (typicaly 63/37 by
weight), having a melting point near 183°C, enjoys the
widest application and acceptance in the electronics
industry, the discussion is limited to that particular
aloy. Secondly, the overall part/lcad/board assembly
stiffiiess and the quality of the solder joint are the two
mos! critical design paramcters governing the reliability
of solder joints in a specific service environment. Under
typical multi-year loading conditions, crecp induced
strain is a complex function of solder metallurgical
structure, stress/strain |oading characteristics, solder
operating temperature and the stiffness of the combined
part/lcad/board system,

A third factor crucia to the success (or inadequacy) of
solder joint reliability assessment is the established
framework of reliability physics, i.e., failure definitions,
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failure algorithms and the treatment and interpretation
of failure statistics.

(1) Metallurgical Considerations —the Many
Faces of Near-Eutectic Solder

Gengcrally, solder is areasonably tolerant metal with a
low melting point; this makes it a desirable material for
clectrical interconnections. An index for characterizing
operational temperature levels is the homologous
temperature T,, which is the ratio of the actual solder
tempcerature t0 itS melting point (absolute temperature
scale). The tensile properties for ametal at low Th arc
essentially time-indcpendent. When the applied stress
exceeds the yield strength, the total strain consists of
two components - €lastic and plastic. The stress-stmin
plot shown in Figure 1 is the most fundamental
mechanica characterization of a metal.
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Fig, 1, Strain Hardening for Ordinary Metals

When ametal is heated to a homologous temperature of
about 0.4, the metal becomes ductile in the so-called
“hot working” range. For an external stress loading the
phenomenon is referred to as “creep™ and for astrain
loading process, the applied stress is a function of the
strain rate (referred to as stmin-rate hardeni rig); “stress
relaxation” and recrystallization rapidly oocur.  The
strain-rate hardening for near-cuk’ic solder is
illustrated in Figure 2, which shows the functional
dependence of the stress-shain relationship on the strain
rate. Elevated temperature operation is referred to as a
condition for which T, > 0.S. For near-cutectic solder at
room temperature, the cm-responding homologous
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temperature iS 0.65, corresponding t0 a temperature
well above the recrystallization range.
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Fig 2. Strain-Rate Hardening for Near-Eutcctic Solder

Near-cutcztic tin-had solder is a metal with many faces
- its behavior differs considerably for different
metallurgical conditions. A newly formed solder joint is
hard and brittle. Solder aged at room tempcrature or
otherwise heat treated, or stress cycled, is very ductile.
These processes arc referred to as age-soficning and
Cycle-dicning. The complete age-softening process
requires about 60 days at room temperature for the
super-saturahx| tin solution to diffuse to an equilibrium
date. At room temperature, the elongation rupt ure limit
for newly formed solder is 30% to 40%, which isthe
same as most typical enginecring metals. However, for
a fully age-soficned solder specimen at room
temperature, the elongation limit is reported to be as
high as 2000% under low strain rate conditions. This
makes  near-cutrxtic  solder  the best known
"supcrplastic” material.

The soflcning process is relatively rapid, especially
above room temperatute. A metallurgical change
concurrent with sofiening is grain growth, which isa
MOoNotoNiC process CaUSiNg CoNtiNUOUS strengtheni NQ,
and at the same time embrittlement, of the material.

Figure 3 [11] compares the microstructure of a newly
formed solder joint having a groin size of 1.8 microns to
the 15 micron grain structure of a solder joint stored at
room temperature for 15 years and also to a specimen
having large 26 micron grains after one ycar of therma
cycling between -25°C and +100°C.  Figure 4

summarizes the representative roan temperature
property data measured

(b)

(©

Fig. 3. Variations in Solder Joint Microstructure

by various rescarchers [12-18]. The results clearly
depict the differences in the newly formed (as-cast),
fully-aged (superplastic), and the over-aged (coarsened)
solder conditions.

Operating temperature is another parameter that
clinically affects solder propertics. Figure 5 illustrates
the strong Arrhenius dependency of solder strain rate on
temperature. Solder becomes soft for conditions above
room temperature but becomes increasingly hard as
température  decreascs, This very important
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consideration governs the behavior and possibly the
failure of solder joints during thermal cycling,
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Fig 4. Microstructure Dependent Solder Creep

(2) Assembly Stiffness Ratio and Solder
Joint Quality

For near-cukxtic solder joints operating in a specific
environment, the most critical design and fabrication
parameters arc the selection of the lead frame (assembly
stiffness ratio) and the solder joint quality
(workmanship). Electronic packaging typically involves
three types of lead frames: gull-wing, J-lead and lcadless
(including Ball Grid Arrays). A solder joint is a
structural clement that interfaces with the board and
with the lead (or, for leadless unions, directly with the
component). In a strain-loading process, such asisthe
case in thermal mechanical cycling, the driving function
is aforced deformation between the PWB and the part.
The total deformation is shared by the deformations of
the solder joint and the fixture, consisting of the PwB
and the leads.  The distribution of the imposed
deformation depends upon the relative stiff esses of the
solder joint and of the fixture. A simple index that
characterizes the deformation distribution is the stiffness
ratio, k. [19, 19a] which is the stiffness of the combined
solder-fixture system to the stiffness of the solder
clement itself. A rigid fixture corresponds to the
limiting case k = 1. Stiffness ratio plays a dominant
role in determining the solder joint stress and strain
levels. Packages with compliant leads typically have a
k-value in the 0.001 to 0.0001 range, white for leadicss
packages K is between 0.S and 0.05.
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Additional critical parameters affecting solder joint
integrity assessment arc the joint quality and the
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Fig, 5. Temperature Dependent Solder Creep

qualification standard. ~ The materials of which a
lead/solder system arc comprised often have flaws and
defects, and the fabrication proms may cause ill-formed
solder joints and other imperfections. Quality
inspections to screen out sub-standard parts that may
lead to premature failure are typicaly performed
following solder joint fabrication. But what is an
acceplable solder joint? The terins “flaws”, “defects”
and “faults” arc catch-all phrases for imperfect
conditions that deviate from the desirable metallurgical
state or expected workmanship of the solder joint. Not
al imperfections may compromise solder joint
longevity some are detrimental while others arc merely
cosmetic.

In most cases, solder reliability addresses only the
fabricated or repaired parts that passed the quality
assurance standard, 1t is assured that solder joint
failure is a wear-out process determined by the stress
and strain levels arising only from the characteristics of
the environmental input (cycle depth, ramp rate, dwell
time, etc.), the relevant geometrical parameters (lead
heighy, thickness, etc.) and material properties (Young's
modulus, CTE, etc.), Consequently, the quality
standard and the inspection methodology have a
profound impact on the asses.wncnt of solder joint
integrity and reliability.



3 The Physics of Solder Joint Failure

Solder reliability physics involves many inter-
disciplinary branches of science and engineering. The
framework of solder reliability physics, including many
of the principles and practicss, arc adopted from other
related established ficlds such as high temperat ure
turbine blade failure physics and quality assurance
statistics. A detailed discussion of the general aspects of
solder reliability physicsis beyond the intent of this
paper. Only three relevant issucs that contribute to the
inconsistencics in the solder litcrature arc reviewed
here. They are: (a) definitions of solder failure; (b)
failure mechanisms and agorithms; and (c) treatment
and interpretation of solder failure statistics.

(8 Reliability Requirements and Solder Failure
Definitions

Solder joint qualification requirements arc typically
specified in two distinctly different manners. pass/fail
requirements and test-to-failruc data. Most application-
oricnted Organizations require test qualification to mect
aset of universal or mission specific pass/fail criteria
The most commonly referenced military requireient iS
the maintaining of functional integrity (No clectrical
open-circuiting) after 1000 cycles of the MANTECH
[20, 21] environment between -55°C and + 125°C per
MII.-STD-883, Method 1010 [22}. The qudification
requirement has been adopted to ensure avionics
integrity for a 20-year service life of 8,000 flights and
4,000 maintenance hours. The requirement for NASA
space missions is specified in NASA NHB 5300.4 [23]
as 200 cycles between -55°C and + 100" C without the
initiation of cracks. In recent years, the adopted Qual
test requircments have been based upon specific
missions. For example, the requirement for Cassini
transponder packaging is 100 cycles between -25°C and
4100°C with the extent of crack propagation to be
limited to less than 1/3 of the solder joint periphery.

Most research laboratories and universities have
adopted a test-to-failure approach, which provides basic
failure physics insight, allowing better understanding
and knowledge of solder joint reliability issues, Because
the test time can be very long for most robust designs,
the practice of test-to-faihrrc is usually conducted on an
accelerated basis.  There have been many different
measurement techniques for detecting solder failure [1,
3, 59], Monitoring electrical continuity is the most
definitive method of detecting solder joint failure for
thermatl
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mechanical testing and has been recommended by IPC
[24, 25]. A sequence of periodic in-test visual
inspections for tracking crack growth isacommon
technique [26]. Another popular measure is the 50%
loaddrop measurcment [43], which has been adopted
by many researchers for room temperature mechanical
cycle testing [27, 28].  The difference in failure
definitions and the measurement techniques can be a
serious source Of confusion when  comparing
experimental results,

(h) Principles and Algorithms in Failure Physics

The algorithms used in solder rescarch are typically
adopted from related research ficlds, especially high
temperature pressure vessel and turbine blade research
[29-32]. Although there arc many variations and
modifications, the fundamental failure algorithms can
be categorized into four major approaches: (1) stress-
based, (2) slrain-range-based; (3) strain-cnergy-based:
and (4) fracture-mecha nics-based. The sclection of a
particular algorithm not only lays down a speci tic
framework for analytical treat ment of the reliabil ity
research, it oflen prc-sets the format and control
variables for experimental investigation.s. . in most
applications the usage of different failure agorithms is
compatible.  However, there arc cases for which
inconsistent and even contradictory conclusions may be
reached depending upon which algorithm is selected.

(c) Failure_Statistics

Thescrvice life of solder joints on a surface mounted
part is dictated by the weakest solder joint, since the
failure is referenced to the first interconnect failure on
an assembly.  The corner joints arc particularly
vulnerable, not only because they expericnce the
maximum deformation, but also because the fillet size at
the corner is, in general, smaller than at the middle,
Among the corner joints a noticeable difterence in fillet
siz¢ (around 10% to 20% fillet thickness) can often e
observed. These variations definitely contribute to the
spread of the solder joint statistical failure distribution,
whose range can extend over more than an order of
magnitude. The majority of investigators utilize a
Weibull distribution [25, 32] to characterize the spread
of solder joint failure data. The application and
interpretation of the statistical manipulations arc very
crucia to the process of ensuring solder joint integrity
but at the same time cause much confusion.




INCONSISTENT ISSUES

The inconsistencies observed in the litcrature can
generally be grouped into three catogories: (1) different
opinions and conclusions concerning behavioral
fundamentals; (2) conflicting correlations or significant
discrepancics with regard to major reliability issues; and
(3) inconsistent correlations established for practica
applications, The first category covers many issues
relating to solder properties, analytical modcling, and
differences in terminology and definitions, while the last
catcgory covers real life applications and is most critical
to the practice of solder joint reliabilit y.

(1) Fundamental Inconsistent Issues

In the solder relighility literature, numerous statements
or concluding remarks made by onc group of
rescarchers arc contested by another. Since many such
contentions have more academic interest than practical
significance, the issues they raise arc only bricfly
addressed in this sub-section.

I the first category of contentions arc such highly
debated topics as;

(1) Ishigh strength or high ductility the more desirable
solder property?

(2) What role, if any, do intermetallics play in solder
joint failure?

(3) Is crack initiation a uscful fatigue failure index? Is
load drop measurement together with straddle board
an effective indicator of assembly reliability index?

(4) What effect do voids have on solder joint failure?

(5) What effect does temperatute wave form (ramp rate
and dwell time) have on solder joint failure?

(6) Describe solder behavior at sub-zero temperatures.

Contentions in this category reflect uncertain
information more so than inconsistent observation.

A sccond category of contentions has a more far-
reaching impact; they arc in fact inconsistencies in
interpretation and can lead to different approaches or
different practices to ensure solder joint integrity, A fow
such typical sources of inconsistency arc:

() plastic strain vs creep - For most metalsthere is a
relatively wcll-defined transition between elastic and
plastic deformation; not so for solder, for which the
tensile strength, and hence the yield strength, is a strong
function of strain rate and metallurgical conditions,
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Fig, 613, 33-38]. So when does the onsct of plastic
strain occur? Plastic deformation is not a time-
dependent phenomenon, whereas creep deformation is.
Mosi matcrials crecp slowly; solder creeps quickly.
Different rescarchers use different combinations of
elastic, plastic, and creep straining to describe solder
behavior [1, 39-41] often without a sound means of
differentiating between plastic and crecp straining.

(b) Grainincss - The usual definition of graininessis
an unacceptable solder surface condition resulting from
contamination during reflow operations, producing a
gritty surface [42]. Thisisto be contrasted with the
condition of large grains, a possibly acceptable
metallurgy.

(c) The merit of isotherma mechanical cycling - Can
room temperature mechanical cycling be substituted for
thermo-mechanical cycling to eliminate time-
consuming and expensive testi ng?  Because of its
simplicity, iothermal testing has often been performed
in place of the more complicated thermal cycling [43-
46]. But there arc mgjor differcnces, Fig. 9. Stress-
strain hysteresis loops for isothermal mechanical cycling
differ significantly from those for thermo-mechanical
cycling. The former exhibit symmetrics that the latter
do not, Furthermore, creep ratcheting is not a factorin
isathcrmal mechanical cycling, whereas itis in thermo-
mechanical cycling
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2) Major Discrepancies

(@ Coffin-Manson Correlation and Solder Joint
Failure Data Base

Most experimental cycle fatigue failure data derive from
mechanical cycling at room temperature. The results
are typically presented as strain versus cycle-to-failure in
aCoffin-Manson format. Figures 7-a and 7-b compare
published experimental near-cutectic solder data
gathered by various researchers {2, 27, 47-57]. The
most quoted solder joint failure data are those of
Coombs [47] and Wild [48, 49] generated at IBM
approximately two decades ago. The two sets of data by
Coombs (torsion vs shear lap) reflect a difference as
large & two orders of magnitudc in fatigue life for a
specific strain range level. Similarly, the test data
obtained by Wild show the same type of variations. The
cycle-to-failum level for a 1'%0 srain-range changes from
alow value of 330 (torsion test data by Combs) to a
high value of 700,000 (5 cpm shear data by Wild) - a
discrepancy of 200,000 %. It is recognized that many of
the-w data may be tainted with serious expcrimental
flaws - the failure definitions were not consistent and
the metallurgical conditions of the solder samples
(freshly formed vs age softened vs grain coarscned)
were not the same. In Figure 7-b a subset of the
reported test data is plotted; the subset includes those
data which reflect similar experimental approaches and
control Of solder aging. Note that even with this
normalization, significant inconsistencies remain,

(b) Temperature Effect

Temperature level is a very critical determinant of
solder mechanical properties and behavior; it is natural
to expoct that solder temperature plays an important role
in solder joint failure. A number of researchers have
investigated the effect of tempcerature level on the cycles-
to-failure for isothermal mechanical cycle testing.
Figures 8-a and 8-b arc the test results presented in
terms of inclastic strain range vs cycle-to-faihrrc. Figure
8-a was obtained using a 50% load drop definition for
cycling at 0.3 Hz. Solomon and Vaynman [43, S8-61]
concluded that with decreasing solder temperature, the
cycle-to-failure number increases. Figure 8-b was
obtained using a fracture definition on tensile specimens
with a cycle period of 15 minutes.  Wassink and
Neijen/Kluizennar [2, 62] concluded that with
decreasing solder temperature the cycle-to-failure
number decreases.

As ameans of removing experimental error and failure
definition as possible causes for this apparent
discrepancy, the classical anaytical treatment of a
lcadless solder joint undergoing mechanical cycling can
be reviewed as follows: Figures 9a and 9b show
hysteresis plots for mechanical cycling at different
temperature levels and for thermal cycling [63]. An
analytical prediction using Engelmaier's equation [64-
67] results in an increase in cycle life at low
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N,, cycles

temperatures. However, if the basic Coffin-Manson
equation is used, the prediction is essentidly no change
in cycle life at different temperatures. Finally, based on
the strain-energy density algorithm [7, 59, 68-71],
which states that cycle damage is proportional to the
encrgy density, i.e., the hysteresis area, the prediction is
adccrease in cycle life at low temperatures.

Two of the three algorithms must be non-applicable to
the case considered. On the other hand, the discrepancy
demonstrated in the experimental data may have a
logical explanation. One such explanation may lay in
the difference in system stiffness ratios. In a recent
study [72], a computer simulation of solder joint
isothermal mechanical cycling (period = 3 hours) was
performed to calculale the strain energy dens.ity as a
function of solder temperature for different stiffncss
ratios. Figure 10 illustrates that for cases with high
stiffncss ratio (e.g., LCCs), the strain range is
independent of temperature, but the maximum solder
stress and strain energy density decrease monotonic-ally
as tempcerature increases. On the other hand, for
systems with low stiffness ratios (c.g. compliant gull-
wing packages), solder strain range decreases with
decreasing temperature while the maximum solder
stress remain low and dots not vary significantly with
temperature. The strain energy density increases with
femperature. For systems with intermediate stiffness
ratio there may be atemperature level for maximum
strain energy density.  If onc wtilizes strain energy
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(c) Frequency Effect

measure of cycling damage and thus as a determinant of
cycle life, then the cffect of temperature can be positive
or negative depending upon the temperat urc level and
the system stiffness ratio. Cycle frequency is another
important determinant of solder crecp/fatiguc behavior
[1, 19]. Similar to the temperature effect, literature
reports concerning cycle frequency are not consistent.
Figure 11-a, for 35°C cycling, shows that for a specific
strain range, the solder cycle life decreases with
decreasing frequency [43, 59, 73-76]. On the other
hand, the test data by Aldrich and Avery [56], Figure11
- b, indicate just the opposite.

Both Figures 1 1-a and 1 |-b arc for strain-loading
cycling using strain-range as the only driving
parameter. For stress-loading cycling, the failure data
arc typically expressed as a classical SN plot as shown
in Figure 12 [78). For a specific stress level, a decrease
in frequency results in a decrease in cycle life.

However, in a strain-loading condition, the stress level
may vary Considerably based on the systemstiffincss
ratio and solder temperature. Figure 13 Hllustrates a
simulated result [72] for isothermal mechanical cycling
at room temperature as a function of frequency and
system stiffness. It is noted that for a high stiffness ratio
(c.g.,1.CCs), the maximum solder stress and strain
energy density decrease as frequency decreases. But, for
low stiffness ratios (compliant leaded packages), the
strain energy density increascs as cycle frequency

decreases.
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(3) Inconsistencies in Applications

(a) Service Life Predictions

A diverse collection of solder joint life prediction
analyses arc to be found in the literature. They range
from simple formulas derived from the Coffin-Manson
equation to very complicated finite element models.
Accurate prediction of solder joint service life is very
difficult because of the complex tcngx.mature-time
dependence of solder properties. Furthermore, because
of the large number of variables, most schemes for
solder joint service life prediction differ considerably.
As a consequence, there arc large variations in service
life predictions for the same physical system. Many
factors contribute to the large uncertainties in solder
joint service life predictions. These include variations in
the physical model representation, disagreements in
solder property agorithms, and the disparity in failure
agorithms and prediction schemcs.  Two particular
factors amplify the inconsistencies. One factor is the
very definition of failure. Many analytical predictions
arc based upon crack initiation at local stress-
concentrations,  Other more realistic predictions arc
bascd upon separation of the joint as a result of 100'%0
crack propagation. The two predictions can differ by an
order of magnitude. The other factor is the statistical
interpretation of analytical predictions. Mot analytical
predictions arc based upon mcan cycles to failure, i.e.,
50% failures. However, many companies elect (0
predict early failure (i.e. s to 9% failure) for added
safety margin,
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(b) Acceleration Factor

The transformation relationship between aceelerated
thermal cycle testing and field serviee application is a
most critical issue in reliability testing. Power law
rclationships such as (Ni/N2 ) = (AT,/AT,)" have
typically been used as a basis for deriving acccleration
factors[6, 78-8 1]. Theratio of the accelerated test to
field C1F (cycle-to-failure) is correlated to the ratio of
field to accelerated test temperature cycle depth by the
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acceleration exponent ‘b”. A suitable value for the
acceleration exponent has been the subject of many
heated debates. Unfortunately a small change in the
acceleration exponent can result in significantly
diflerent qudification test cycle lengths and strongly
impact cost and test schedules.  For example, a
representative electronic sysiem for a flight electronic
board is assessed to experience an equivalent of 2455
cycle.s, each with a15°C temperature fluctuation. To
quaify the hardware with atypical NASA NHB cycle
(from -55°C to+100°C in 4 hours) and factor of safety
of 10, the required qualification test cycle can be
determined from the power-law correlation to be
24 55x10/(155/15)°.  Depending upon the sclection of
the exponentvaluce, me qualtest requirement may range
from 57 cycles (or 10 days) for a JPL referenced
exponent value of b .= 2.6, or 230 cycles (38 days) for
Norris-Lanzbery [78] exponent of b = 2, to a very
conscrvat ive 2375 cycles (396 days) corresponding to a
b-value of unity.

1’0 further Complicate the issuc, there arc experimestal
reports indicating that the acceleration factors for small
strain ranges (field service applications) arc different
fromn those for large strain ranges (accelerated testing).
For example, Vaynman & Zubelelewicz [82] observed
that the Coffin-Manson exponent based upon high
strain range data, when extrapolated to lower strain
ranges, over-predicts service life for applications with
inch.lic strain ranges less than 0.280/6 On the other
hand, investigators from Hitachi observed the opposite,
i.e., extrapolating the accelerated test exponent to the
low strain range region under-predicts service life.

(c) k-liahility Quotient

The application dictates the means whereby solder joint
reliability is detennined. As regards this, the military
MANTECH requircinents have previously been
mentioned. For commercial and industrial applications,
failure statistics in terms of parts-failurc-per-million
during a certain service period are obtained from field
surveys and is an index associated with profit margin
and company reputation, Space applications impose
several unique solder reliability issues: ultra-small
guantities, highest reliability requirements, and
diversified environments with minimal feedback from
ficld operations. The reliability is associated with the
first failure of an electronic part or its interconnections.

However, it iS extremely difficult to quantify the
reliability requirement, A required reliability quoticnt
of 0.9999 for atotal of ten or twenty parts in Use is ofien
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nothing more than an abstract notion, The process of
qgualification testing to demonstrate the required
reliability ofien varies from project to project. Because
of the lack of an established comprehensive
methodology, the demonstrated religbility may vary by
orders of magnitude depending upon the knowledge of
tbc QA individuals and the cost/schedule pressures Of
the project.

CONCLUDING REMARKS

Onc major deficicney in asscssing solder jointintegrity
has been the lack of a consistent and comprchensive
understanding of the underlying physics.  Partly
responsible is the publication in the solder literature of
contradictory test data. Because solder joint failure is a
very complex process, involving (to0) many variables, it
is extremely difficult tO corrclate the test results from
two independent tests. A case in point is the solder
research activities performed for NASA at JPL. The
experimental program evolved through several phases.

Even with a closely collaborative research team, the
fabrication procedures, the test method and the failure
detecting techniques were not calibrated to ensure
continuity from onc phase to the next. Although much
was |earned about the mechanical behavior of solder
and its failure physics, the rc.suits have nonctheless been
very disheartening. Not only did the failure test data
show discrepancies, failure predictions considerably
missed the mark - even for experiments specificaly
designed to resolve the issues of effects oOf temperature
and accelerat ion factor. The experimental results did
not display dependency on mean temperature nor did
they confirm the commonly used (at JPL) acceleration
exponent Of 2.6. The results showed that cycle-to-
failurc islincarly proportiona to time in the chamber,
with an exponent close to unity. There have been many
critiques about the experimental and fabrication issues.

A review of the test program revealed facts such as (1)
the quality of the solder joints were purposely not
screened a priori and (2) the solder fillets of some of the
LCC parts were unacceptably insufficient because of the
improper use of solder mask. The sad conclusion is that
the research program did not provide conclusive
answers. Why? 1t was conjectured that the pressure to
cut costs and rapidly obtain results Ctheapcer, faster?)

led to an overly ambitious experimental program, It
addressed too many issues at once, without allowing
timc to calibrate the experimental setup with those



conducted in earlier phases. It adopted so many
independent variables that adequate statistical sample
sizc was compromised. |t turned out that this particular
eflort undertaken to resolve some of the uncertaintiesin
understanding solder behavior actually generated more
uncertainy.,
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